ABSTRACT: Osteoarthritis is a chronic joint disease characterized by articular cartilage degeneration, pain, and disability. As an avascular tissue, the movement of water and solutes through the tissue is critical to cartilage health and function, and early changes in solute diffusivity due to micro-scale changes in the properties of cartilage's extracellular matrix might precede clinical symptoms. A diagnostic technique for quantifying alteration to the diffusive environment of cartilage that precedes macroscopic changes may allow for the earlier identification of osteoarthritic disease, facilitating earlier intervention strategies. Toward this end, we used two confocal microscopy-based correlation spectroscopy techniques, fluorescence correlation spectroscopy and raster image correlation spectroscopy, to quantify the diffusion of two small solutes, fluorescein and 3k dextran, within human osteoarthritic articular cartilage. Our goal was to determine if these relatively simple optical correlation spectroscopy techniques could detect changes in solute diffusivity associated with increasing cartilage damage as assessed by International Cartilage Repair Society scoring guidelines, and if these measures are correlated with mechanical and compositional measures of cartilage health. Our data show a modest, yet significant increase in solute diffusivity and cartilage permeability with increasing osteoarthritis score (grades 0-2), with a strong correlation between diffusion coefficients, permeability, and cartilage composition. The described correlation spectroscopy techniques are quick, simple, and easily adapted to existing laboratory workflow and equipment. Furthermore, the minimal solute concentrations and laser powers required for analysis, combined with recent advances in arthroscopic microscopy, suggest correlation spectroscopy techniques as translational candidates for development into early OA diagnosis tools. ß
Osteoarthritis (OA) is a degenerative joint disease characterized by progressive destruction of articular cartilage. OA develops gradually, with disease initiating changes occurring sub-clinically. 1 Early signs of OA include alterations to tissue composition and microstructure 2 ; however, these often go undetected due to their innocuous nature. If osteoarthritic changes could be detected earlier, measures might be taken to modify the progression of the disease and improve patient quality of life. Thus, diagnostic techniques capable of discerning early cartilage changes represent a means of identifying pre-symptomatic indicators of disease initiation and progression, enabling the development and implementation of preventive therapeutic approaches.
Cartilage comprises 60-80% water (by weight) with the remaining extracellular matrix (ECM) consisting primarily of type II collagen and negatively charged proteoglycans (PG).
3,4 ECM composition and structure dictate cartilage pore size, which governs its permeability and its subsequent ability to maintain fluid pressure, support applied loads, and promote low friction. 3, 5 In healthy tissue, the pore size of the PG meshwork is $3 nm 6 while that of the collagen is closer to 100 nm 7 ; meaning that the PG component predominately regulates cartilage permeability and function. Indeed, a classical hallmark of early OA is loss of PG content, 2 which leads to increases in tissue permeability 8 and decreases in tissue stiffness. 9 Furthermore, since cartilage is avascular, tissue pore size also governs the transport of the nutrients and signaling molecules that chondrocytes utilize to regulate their metabolism as well as the mechanical signals chondrocytes rely on for mechanosensing. 5, 10, 11 Direct assessment of cartilage ECM composition, permeability, and structure via biopsy is destructive, warranting the use of indirect characterization methods, especially in vivo. Clinically, T2-mapping MRI and contrast-enhanced CT can estimate cartilage proteoglycan content, though resolution limits applicability to larger changes present in late-stage OA. 12, 13 In both the lab and clinic, in situ mechanical testing techniques like micro-and nano-indentation can estimate local permeability or fixed charge density by fitting experimental data to bi-or tri-phasic constitutive models, respectively.
14 However, since cartilage permeability, even in OA tissue, is quite small, fluid exudation rates are very slow, necessitating low loads and long indentation testing times to both prevent tissue damage and acquire enough data to calculate mechanical and compositional properties.
Given that the in situ movement of molecules is dominated by solute-matrix interactions, a reduction in PG content in early OA should increase solute diffusivity. 15 Thus, diagnostic techniques that can quantify alterations to the diffusive environment of cartilage may allow for the earlier identification of OA. Several well-established in situ optical imaging techniques can indirectly detect solute diffusivity changes indicative of alterations to cartilage's ECM composition and structure. At the bench, confocal fluorescence techniques, like fluorescence recovery after photobleaching (FRAP), have been used to measure the diffusion of fluorescent solutes in cartilage. [16] [17] [18] However, FRAP has significant barriers to bedside translation, including high solute concentration ($mM) and high laser power ($mW) requirements, 19 which present concerns with in vivo cytocompatibility, and potentially long diagnostic procedures due to fluorescence recovery timescales. Other photobleaching-based assessment techniques, including continuous point photobleaching and scanning microphotolysis, 20, 21 have similar limitations. On the other hand, fluorescence-based correlation spectroscopy techniques are far less "intrusive," faster, and indeed simpler, overcoming many of these limitations. 19, 22 Fluorescence-based correlation spectroscopy techniques rely on the "direct" observation of Brownian motion to quantify molecular self-diffusivity. Two examples include fluorescent correlation spectroscopy (FCS), 23 ,24 a single point detection method, and raster image correlation spectroscopy (RICS), 25 an image-based detection method. Unlike FRAP, these techniques do not require external perturbation away from the equilibrium state to measure solute diffusion. Instead, FCS uses the signal acquired from the random transits of fluorescent solutes through a femtoliter-sized observation volume to derive an autocorrelation curve containing transport dynamics information. These dynamics are then extracted using robust diffusion models. 26 In RICS, the combination of the spatial autocorrelation of each rastered image (roughly 400 mm 2 ) and knowledge of the pixel-to-pixel and line-to-line time lags allows for diffusivity data to be extracted from short image time series ($100 frames) using straight-forward scanning and diffusion models. 27 Critically, both FCS and RICS require significantly reduced solute concentrations (on the order of nanomolar) and laser powers ($mW) for assessment of diffusivity, 19, 28, 29 which makes them less invasive and cytotoxic, and more amenable to clinical application if paired with an appropriate imaging apparatus, such as a confocal arthroscope. Recent studies regarding the sensitivity of these correlation spectroscopy techniques in cartilage suggest that they may be able to detect the changes associated with disease progression. Our group recently demonstrated the ability of both FCS and RICS to discern depth-wise differences in solute diffusivity both across cartilage zones and under varying degrees of compressive strain in healthy bovine tissue. 30 FCS has also been used to quantify solute diffusivity in chemically degraded porcine tissue. 31 Despite these advances, it remains unclear if correlation spectroscopy techniques can be used to detect changes in solute diffusivity across human cartilage of varying degrees of OA severity, and whether these diffusivities correlate with other functional properties of osteoarthritic tissue.
In the present study, we used FCS and RICS to quantify the diffusivity, in a pair-wise manner, of fluorescein and 3 kDa Dextran in OA cartilage recovered from patients undergoing total knee arthroplasty. These two small, neutral solutes span the size range of many molecules whose transport is relevant to cartilage nutrition, signaling and health, including amino acids, glucose, ATP, prostaglandins, and small peptides (e.g., insulin, FGFs, IGFs, etc.). 30 The goals of this study were to establish FCS and RICS as feasible techniques for assessing solute diffusivity in human OA tissues, to determine if differences in diffusivity across OA scores were detectable by correlation spectroscopy, and to determine if they correlate with structural and functional properties of the tissue. In doing so, we found significant increases in solute diffusivity with increasing OA score, which correlated with the expected changes in permeability and composition that accompany OA progression, thereby demonstrating the use of correlation spectroscopy as a tool for studying modest OA changes in situ and showing promise for its potential translation as a clinical diagnostic tool.
METHODS

Sample Preparation
Human osteochondral specimens from the posterior and distal planar cuts to the femoral condyles were recovered following total knee arthroplasty (TKA) procedures performed by Dr. L. Raisis of First State Orthopaedics, Wilmington, DE (Fig. 1A) . No identifying information regarding the specimens, other than anatomical location (right vs. left knee) and compartment of involvement (medial vs. lateral), were available to the basic science team. Immediately upon receipt, the articular surface of each specimen was scored per International Cartilage Repair Society (ICRS) guidelines 32, 33 by a single researcher then stored at À80˚C. Samples were screened for having sizable areas of articular surface of ICRS scores 0, 1, and 2 from a single individual joint. Specimens from five patients that passed screening were thawed and 5-6 full thickness cartilage plugs (3 mm diameter) were biopsied for each of the three ICRS score regions (0, 1, and 2; $15-16 total plugs per patient). Suitable areas of cartilage of different ICRS score varied across patients and condyles; thus, the study could not control for harvest location (Fig. 1B) . Plugs were stained with 2 mM DAPI in PBS (Thermo Fisher) for 2-h, followed by 24-h in a single solution containing both 10 nM fluorescein (free acid, M.W. 332 Da; Sigma-Aldrich) and 10 nM Texas red-conjugated 3k dextran (M.W. 3 kDa; Thermo Fisher) in PBS. Imaging and mechanical testing were performed within 2 days of thawing. Plugs were frozen again at À80˚C until testing was complete such that biochemical assays were performed on all samples in parallel (see Fig. 2 for experimental flowchart).
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Imaging
The measurement of diffusion coefficients using FCS and RICS is dependent on knowledge of the LSCM's point spread function (PSF) size. The radial (x 0 ) and axial (xz) PSF waists were calibrated daily by imaging an aqueous solution of 10 nM fluorescein and sulforhodamine 101 acid chloride (Texas red, M.W. 607 Da; Sigma-Aldrich) in PBS. The resultant FCS and RICS autocorrelation data were then fit to normal diffusion models utilizing a fixed aqueous diffusion coefficient of 450 mm 2 /s 34 for fluorescein and 400 mm 2 /s for sulforhodamine 101, 35 while solving for PSF geometry. Subsequent FCS and RICS analyses on individual cartilage plugs were performed with fixed x 0 and xz parameters determined by the same day's calibration.
Data were collected on a Zeiss LSM880 LSCM (Carl Zeiss, Thornwood, NY) using a 40Â water immersion lens (C-Apochromat 40Â/1.20NA-W, Carl Zeiss) with a one Airy Unit pinhole. Cartilage plugs were placed atop chambered coverglass and immersed in excess dye solution to maintain hydration. A tare load applied by a 1g polyethylene block kept the cartilage flush with the glass (Fig. 3A) . Confocal reflectance imaging was used to identify the plug-coverglass interface and position the observation volume/plane $20 mm into the sample. DAPI imaging was used to identify cell positions and select three locations of ECM near the center of the plug and $100 mm apart. At each location, we performed two-channel FCS imaging and single-channel RICS imaging for each solute channel. Fluorescein was excited by a 488 nm Argon laser and emitted light collected between 490 and 544 nm using a GaAsP spectral analyzer. Texas red was excited by a 561 nm DPSS laser and emitted light collected between 566 and 689 nm.
FCS and RICS data collection was based on previously described methods. 30 Briefly, FCS measurements consisted of ten, ten-second-long scans at a single location (Fig. 3B ), which were then temporally autocorrelated using LSM880 hardware and Zen software (Carl Zeiss). FCS data was exported to PyCorrFit software 36 to extract an anomalous diffusion exponent (a) and average transport coefficient (G) for each dataset (Fig. 3C ), using an anomalous diffusion model appropriate for cartilage diffusion experiments. 30 RICS experiments were conducted at 320Â magnification (40Â objective, 8Â optical zoom, 103 nm pixel size), collecting 100 frames at 256 Â 256 pixels with a pixel dwell time of 3.07 ms and frame time of 626 ms (Fig. 3D ). An average diffusion coefficient (D) for each solute was obtained from the RICS images ( Fig. 3E and F) after moving background subtraction 25 using Globals for Images software, Version 4 (Laboratory for Fluorescence Dynamics. University of California, Irvine, CA).
Mechanical Testing
Following imaging, cartilage plugs were subjected to creep relaxation indentation testing and fit to a Hertzian biphasic contact model to extract material properties. 37 Plugs were glued to a glass slide and indented with an impermeable borosilicate glass sphere with a radius of 3.175 mm while hydration was maintained by application of 1X PBS. Creep relaxation indentation curves were fit to a Hertzian biphasic theory (HBT) model incorporating tension-compression nonlinearity and strain dependent permeability. Data were fit to obtain compressive modulus (E y-), tensile modulus (E yþ ), the unstrained initial permeability (k0), and the strain dependent permeability-modifying coefficient (m) for each plug.
Biochemical Assay
Following mechanical testing, dimethylmethylene blue (DMMB) and hydroxyproline assays were used to determine the GAG and hydroxyproline content of each plug, respectively. Plugs were halved, weighed, and digested with papain (250 mg/ml papain in 5 mM L-cysteine, 100 mM Na 2 HPO 4 , 5 mM EDTA) overnight at 60˚C. 38 GAG content of the plugs was determined using a method based on Farndale et al. 39 In a 96-well plate, 20 ml of papain-digested cartilage was combined with 200 ml DMMB reagent, and absorbance was immediately read on a plate reader at 525 nm using bovine chondroitin 4-sulfate as a standard. Hydroxyproline content of the plugs was determined using the Hydroxyproline Assay Kit (Sigma-Aldrich). For both assays, samples were run in triplicate and plates were read three times to obtain an average absorbance for each.
Statistical Analyses
Statistical analyses were performed using the R programming language. Data points generally represent a single observation for each sample. The exceptions are the diffusivity parameters: Measurements from the three locations imaged in each sample were averaged, and single data points represent this mean. To compare the influence of solute size on diffusivity, paired t-tests were performed on all fluorescein and 3k Dextran measurements. The equivalence of the ICS techniques was tested by fitting the RICS vs FCS measures to a linear model and using an F-test to compare the slope to unity for each individual solute, and the combined datasets. Otherwise, all measurements were plotted versus the ICRS score and fit to a linear model. All measurements were then correlated using the Pearson method. Significance was set at p < 0.05 for all statistical tests.
RESULTS
Comparison of FCS and RICS
A comparison of the two diffusion measurement techniques by Pearson correlation showed strong agreement between FCS-derived transport coefficients and RICS diffusion coefficients across each of the two solutes tested (R 2 ¼ 0.952 and p < 0.0001). Agreement was also QUANTIFYING DIFFUSION IN OSTEOARTHRITIC CARTILAGE significant when the data was separated analyzed for each solute (fluorescein: R 2 ¼ 0.566 and p < 0.0001, 3k dextran: R 2 ¼ 0.324 and p < 0.0001) (Fig. 4) . The slopes of each solute subset and the full dataset were compared to a slope of one using F-tests whose p values are reported in Figure 4 . The slopes were all significantly less than unity, which indicated that diffusivity as measured by RICS was consistently lower that of FCS. Additionally, using both techniques, we found, that the average diffusivity of 3k dextran was significantly reduced compared to that of fluorescein, whether measured by FCS or RICS (p < 0.0001 for both).
Solute Diffusivity Increases With Increasing OA Scores When fit to a linear model, the transport coefficient and diffusivity of each solute, as measured by FCS and RICS, respectively, were found to significantly increase with increasing ICRS score (p < 0.05 for all combinations), though their variance was large, with R 2 ranging from $0.06 to 0.17 ( Fig. 5 ). There was no change in FCS anomalous exponent with ICRS score for either solute (p > 0.05). Inter-patient variability was high; however, the global trends remained true within patients, as seen in Figures 6 and 7 , which show the changes in diffusivity measures with increasing ICRS score for fluorescein and 3k Dextran, respectively, within each patient.
Mechanical Property and Compositional Changes Associated With OA Scores
Despite a limited number of subjects and marked variability in mechanical and compositional outcomes among individual measures (Figs. 8 and 9 ), leading to linear model fits against ICRS score with R 2 -values ranging from $0.05 to 0.19, significant correlational relationships were observed. For tensile and compressive moduli estimates, which were derived from microindentation tests using a Hertzian biphasic creep model, 37 a trend towards decreasing tensile and compressive moduli with increasing ICRS score was observed (Fig. 8A and B) ; this trend fell just short of statistical significance, p ¼ 0.05 and p ¼ 0.06, respectively (Fig. 8) . A significant decrease in both the k0 and m permeability coefficients from the Hertzian biphasic model was observed with increasing ICRS score ( Fig. 8C and D ; p < 0.05). Hydroxproline (collagen) and GAG (PG) content (wt%) also significantly decreased with increasing ICRS score ( Fig. 9 ; p < 0.05). Graphs of patient-specific mechanical property and compositional changes with increasing ICRS score can be found the supplemental Figures S-1 and S-2, respectively.
Correlations Between Diffusivity, Mechanical, and Compositional Properties in Human OA Cartilage
We examined the relationships between each sample's combination of mechanical, compositional, and diffusion properties using Pearson correlation coefficients (Fig. S-3) . The data from a select group of the stronger and more impactful correlations are shown in Figure 10 . The two relationships with the strongest correlations were those between fluorescein diffusivities measured by FCS and RICS at R 2 ¼ 0.75, followed by 3k Dextran diffusivities measured by each correlation spectroscopy technique at R 2 ¼ 0.57. There were also significant correlations between the two moduli, between the two permeability parameters, between both permeability parameters and fluorescein diffusivity, between fluorescein and 3k Dextran diffusivity, and between hydroxyproline and GAG content. Significant negative correlations were found between GAG content and both permeability measures, transport coefficients for both solutes, and diffusion coefficients for both solutes. Hydroxyproline content only had a significant negative correlation with fluorescein transport and diffusion coefficients.
DISCUSSION
This study confirmed the ability of both fluorescent correlation spectroscopy (FCS) and raster image correlation spectroscopy (RICS) to quantify differences in solute diffusivity within human cartilage samples that exhibited varying degrees of OA (ICRS scores 0-2). These data showed a significant influence of ICRS score and solute size on measured diffusivities. There was no overlap in measured diffusivity between the fluorescein (332 Da) and 3k Dextran solutes, with average diffusivities, across all samples, of 123 mm /s between successive scores when measured by FCS and RICS, respectively. Thus, the hypothesized trends of increased diffusivity with higher ICRS score and decreased diffusivity for larger solutes were confirmed by both FCS and RICS.
Mechanical testing and compositional assays revealed significant cartilage changes as OA severity increased. Both the tensile and compressive moduli decreased by 56 kPa and 679 kPa, respectively, with each increase in ICRS score. In addition, both permeability parameters increased with increasing ICRS score, by 0.0005 (mm 4 N/s) and 1.93 for k0 and m, respectively. The range of moduli and permeability values reported here are consistent with ranges reported in the literature (tensile modulus: 3.5-14 MPa, aggregate modulus, 0.47-0.90 MPa, permeability: 0.0004-0.0036 mm 4 /Ns). 37 Additionally, the change in compressive modulus with ICRS score is consistent with a study that found that the aggregate stiffness of larger 6 mm plugs as measured by unconfined compression tests decreased by $100 kPA for each increase in ICRS scores ranging from 1 to 3. Hydroxyproline and GAG content, indicators of two key ECM constituents, collagen and PG, respectively, decreased significantly with increasing ICRS scores by 0.09 wt% and 0.39 wt%, respectively. A similar study, which measured hydroxyproline and GAG content by dry weight, found that they both had significant negative correlations with increasing ICRS score from 0 to 3. 40 The ranges of hydroxyproline and GAG content reported here are close to measures for younger, healthy distal femoral cartilage samples, 1.8 wt% and 2.7 wt%, respectively. 41 The trend toward a reduction in mechanical properties with increasing ICRS score was expected, as deterioration of the ECM with OA would cause loss of proteoglycan and disruption of collagen integrity, thus reducing matrix stiffness and increasing both the permeability and ability of solutes to diffuse through the matrix. Given the relationship between molecular diffusivity and the extracellular matrix environment, diffusivity measurements can be used to inform the characterization of mechanical properties and composition, which are surrogates for cartilage health. Indeed, we found that fluorescein diffusivity was significantly correlated with increases in both permeability coefficients as well as composition. Although, the correlation between 3k Dextran diffusivity and permeability was not significant (FCS: p ¼ 0.05, RICS: p ¼ 0.06), the data did exhibit similar, near-significant, trends. Overall, these results suggest that changes in the diffusive environment, biochemical composition, and mechanical properties occur in tandem with increasing cartilage damage, and that a single measurement technique, for example, FCS or RICS, can be useful for estimating cartilage health.
While our results are robust, it should be noted that our methodologies have limitations. The procurement of the human samples was limited to patients with severe OA in at least one compartment of the knee, warranting TKA. Patients at this late stage of disease had variable and deep wear patterns, with many having entire condylar surfaces worn down to the bone (ICRS grade 4). The scarcity of ICRS grades 0-2 cartilage in this patient population dictated the use of pairwise assessment strategies, where two different sized and colored fluorophores were present in the samples and assessed simultaneously. In addition, the extent of spatial variance in cartilage deterioration, meant that we, necessarily, could not harvest all samples of a given ICRS score from the same area of the femoral condyles across patients, and that the number of "qualifying" patients was limited (n ¼ 5). This is likely a contributor to the variability we see in the data, exemplified by the generally low R 2 for the linear fits. Additionally, the cartilage scoring was performed by a single basic science researcher, whereas the ICRS system was designed for clinical use by trained physicians. 33 Furthermore, it is possible that the grade 0 cartilage was already compromised at the micro-structural level. Since OA is a whole-joint disease, it may be a fallacy to consider it healthy cartilage, as its microstructure may already be altered by biological processes (e.g., inflammation) associated with OA even if it appeared macroscopically sound. 42 Even so, for the purposes of this study, if truly healthy cartilage is indeed different from grade 0 in our samples, the sensitivity of our methods gives us confidence that we could detect this difference. Overall, despite these sources of variability in sample procurement and ICRS scoring, we still found robust trends among the mechanical properties, composition, and diffusive properties that would be expected based upon other evidence in the literature.
When performing correlation spectroscopy techniques, several considerations can affect the resultant measurements and their interpretation. While FCS and RICS utilize rapid and robust confocal imaging techniques, the ability to recover the diffusion kinetics embedded within their data requires knowledge of the systems optical parameters (i.e., the PSF size and image capture dynamics); which are necessary inputs to the autocorrelation models. The most important requirement, is the precise determination of the PSF size during each imaging session. However, this can be easily accomplished by calibration against aqueous solutions containing solutes of known diffusivity. Since different measuring techniques often yield different diffusion coefficients, this ensures accurate determination of relative diffusivity and, at the very least, the ability to compare diffusion between samples calibrated to the same standard on different days. The relative size of the FCS and RICS interrogation volumes compared to the size of the sample (3 mm dia Â $1 mm thick) needs to be regarded as well. FCS captures particle transits across a single femtoliter ($0.3fL or $250 Â 250 Â 1250-nm ellipsoid) volume of tissue, while RICS assesses a larger, but still small, 500fL volume (a $20 Â 20 Â 1.25 mm cuboid). Although we performed FCS and RICS at three locations in each plug to obtain average diffusivity values, this represented a very small volume of the entire sample. Cartilage is heterogeneous at and above this scale, and given that permeability was measured via indentation across a much larger area, this could explain some of the variability across cartilage of the same score, and why diffusion measurements were not as strongly correlated with permeability. Additionally, differences between ECM and pericellular matrix (PCM), which have different properties, [43] [44] [45] could cause differences in measurements of diffusivity. The use of DAPI staining helped us avoid PCM regions containing cells, but given that cells die as a result of OA, there could be empty lacunae that were devoid of DAPI fluorescence. Thus, we might have inadvertently imaged a mix of ECM and PCM. However, both regions exhibit similar trends in properties with OA progression, 46, 47 and thus would have likely produced similar overall results.
In summary, the goal of this work was to demonstrate, as a first-stage proof-of-concept study, that changes in solute diffusivity between healthy cartilage and early stage OA (ICRS grades 0-2) could be detected using correlation spectroscopy, allowing for its potential use as a diagnostic tool. Fluorescein, which was more sensitive to changes in cartilage mechanical properties and ICRS score, is already used Figure 7 . Patient-specific changes in 3k dextran diffusivity parameter measures with increasing ICRS score. The colored lines and shaded regions indicate the fits and confidence intervals, respectively, for each patient's diffusivity parameters vs OA score. While the anomalous FCS coefficient did not exhibit any trends, the globally significant trend of 3k Dextran diffusivity increasing with ICRS score is again apparent in each individual patient.
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clinically 48, 49 in much higher doses than those required for ICS techniques. Additionally, the laser intensities required for ICS are generally considered to be non-cytotoxic. Given the minimal invasiveness, speed, and sensitivity of FCS and RICS, we strongly believe they hold promise as a diagnostic tool in this context. When dealing with samples like cultured explants or engineered tissues in the laboratory setting, the nM concentrations and minimal laser powers used by these simple correlation spectroscopy techniques may be ideal for allowing the precise estimation of cartilage's diffusive, structural, and composition properties non-destructively; this is especially relevant in allowing the longitudinal assessment of these properties in live cell systems, where concerns exist regarding the effects of chemical-or light-toxicity on cell health, or of external physical perturbation on outcomes. When speed is less of an issue, ICS techniques can provide additional interesting uses. Given enough time, the microscale sampling ability of FCS and RICS can be used to generate spatial maps of solute diffusivity across an entire specimen. Additionally, given the versatility of confocal imaging, ICS techniques can be combined with other fluorescence staining and imaging modalities for multi-modal assessments within in a single sample. In this way, simultaneous interrogation of diffusive, structural, and cellular measures would be feasible.
From a translational perspective, developments in confocal arthroscopy have advanced to a point where it has been demonstrated as viable tool to assess cartilage properties by other methods in animal models in vivo. [50] [51] [52] This suggests that ICS techniques could supplement existing and commonly performed arthroscopic procedures. For example, when performing a partial meniscectomy on a patient with no gross manifestations of OA, fluorescein could be introduced into the joint space and arthroscopic-FCS could be used to quickly scan several near-surface locations within the cartilage to measure solute diffusivity, and thus cartilage 'health'. If abnormalities are detected, increased patient monitoring could be prescribed, as well as lifestyle changes that may lower their risk of developing clinical OA. Future studies will address the marriage of FCS and RICS with confocal arthroscopy approaches to establish the feasibility and limitations of correlation spectroscopy-based assessment of solute diffusivity in vivo. Still, the present study provides QUANTIFYING DIFFUSION IN OSTEOARTHRITIC CARTILAGE strong foundational knowledge in the application of FCS and RICS as diagnostic tools for characterizing articular cartilage. This work will prove useful in basic science and translational endeavors as we seek to gain further insights into OA disease progression and diagnosis in the hope of developing early OA identification techniques that will facilitate interventional strategies.
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